Asphalt concrete has been recognized as an anisotropic material. However the degree of anisotropy and its implications in pavement design and analysis have not been well understood.
INTRODUCTION
Asphalt concrete is a bonded granular material. Its internal structure is anisotropic, which could be due to the anisotropic particle and void shape, particle orientation distribution, and anisotropic compaction (restrain and force pattern applied during the compaction). The characterization and modeling of the anisotropic properties of soils have been widely explored in geomechanics and geotechnical engineering [1, 2, 3, 4, 5] . However, few studies have focused on the characterization and modeling of aggregate base [6, 7] , asphalt concrete [8] and pavement analysis [9] . It would be worthwhile that the degree of anisotropy and its effect on material response could be evaluated because the characterization and analysis methods for isotropic and anisotropic materials are quite different. In general, whether a material is isotropic or anisotropic affects the selection of materials characterization methods, response models and distress models. For example, if the axial stiffness and the lateral stiffness of a gyratory specimen are significantly different from those of a field specimen, the deformation characteristics obtained using gyratory specimens may not well represent those of field specimens. This paper presents a comparison between the stress field of an isotropic and anisotropic pavement through an analytical solution and Finite Element (FE) simulations, and a method to characterize the orthotropic material properties using a Cubical device.
ANISOTROPIC ELASTICITY AND ITS IMPLICATION Orthotropic Elasticity
Asphalt concrete is a viscoplastic material. In pavement analysis and especially stress analysis it is often treated as an isotropic elastic material. This treatment has its advantage in simplicity. It has also some theoretical basis in that the initial stresses at t=0 have significant influence on the subsequent viscous and plastic deformation and the stress analysis can be performed using elasticity theory through the elastic-viscoelastic correspondence principle. In this study, an anistropic elasticity analysis of a pavement under wheel load is presented. Although asphalt concrete may demonstrate the general anisotropy, only cross anisotropy or orthotropy is considered in this study for simplification purposes, and some experimental evidence presented TRB 2004 Annual Meeting CD-ROM Original paper submittal -not revised by author.
in the experimental section of this paper. In the orthotropic case, asphalt concrete is considered to have significant difference only in vertical and horizontal directions due to the anisotropic compaction, restrain conditions and gravity direction. In orthotropic elasticity, there are only five material constants. However, the general anisotropic elasticity has 21 materials constants and is not realistic for modeling and characterization. The five materials constants of the orthotropic 
Boussinesq's Solution for Orthotropic Materials
For a full-depth asphalt concrete pavement (isotropic materials), if the distributed tire load could be approximated as a central load, the stress field could be approximated by the Boussinesq's solution, a half-space subjected to a concentrated load P as illustrated in Figure 1 . The corresponding Boussinesq's solution for orthotropic material was obtained by Wolf [10] . The analytical expressions for two of the four stress components, θ σ and rz τ , are presented in equations (2) and (3). The solution is based on the cylindrical coordinate system shown in Figure   1 . The parameters µ λ, , , , , , , ,
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, and G vh =0.384E h (see the experimental data in the experiment section). It can be seen that both stresses are larger than those of the isotropic cases if horizontal stiffness is smaller than the vertical stiffness (see the experimental data for the justification). This fact has an important implication for pavement design and analysis. The larger tensile stress θ σ may imply that the fatigue cracking stress level might be underestimated by using isotropic elasticity stress analysis; the larger shear stress θ τ may imply that shear flow is underestimated using the isotropic elasticity stress analysis.
FEM Analysis of a Model Pavement
The above solution refers to the half-space case or to the full-depth asphalt pavement case. For the layered pavement, a FEM analysis is needed (a commercial software ADINA is used in this study). In the FEM analysis, a block of asphalt concrete of 5×5×3 in 3 subjected to a 100 lb load distributed on a 0.5 inch strip is simulated. The block is discretized into 1000 3-D 20-node solid elements. Two sets of boundary conditions are applied. In set one, the bottom surface is fixed in X, Y and Z directions (see Figure 3) ; all the other 4 lateral surfaces are fixed in normal directions (horizontal directions). In set two, the bottom surface is fixed in Z directions only and all the other 4 lateral surfaces are fixed in normal directions (horizontal directions). This configuration is similar to the testing configuration of the Asphalt Pavement Analyzer (APA). Use of this setup has an objective for future study using APA. As linear elasticity is involved, the configuration can be proportionally scaled to larger sections. Table 1presents (the von Mises stress) and the vertical displacement increases with the increase of anisotropy; the largest tensile stress in yy direction decreases with the increase of anisotropy. It should be noted that the horizontal stiffness (in y direction) decreases with the increase of anisotropy and therefore the tensile stresses decrease (the normal direction is restrained).
Although a definitive conclusion (i.e. increase or decrease, safe or unsafe) about the trend due to the effects from anisotropy cannot be drawn based on this limited study, the analysis indeed indicates some significant differences. Further study to characterize the materials constants and to apply rational boundary conditions is needed.
CHARACTERIZATION OF THE ANISOTROPIC PROPERTIES USING TRUE TRIAXIAL (CUBICAL) TESTING DEVICE

General
Even though different types of true triaxial devices have been developed worldwide, they can be classified into three categories: (1) Rigid boundary type [11, 12] , (2) Flexible boundary type [13, 14] , and (3) Mixed boundary type [15, 16] . The advantages and disadvantages of these three types of true triaxial devices have been discussed by Sture [17] and Arthur [18] . The original development of the flexible boundary type of device used in this work was presented by
Atkinson [19] for multiaxial testing of rock materials. A detailed description of the original components is presented by Atkinson [19] , Sture [17] , and NeSmith [20] . The stress-controlled, computer-driven cubical testing device consists basically of six main components or modules:
(1) A frame, (2) Six wall assemblies, (3) A deformation measuring system, (4) A stress application and control system, (5) Six rigid membranes, and (6) A data acquisition and process control system (DA/PCS). A detailed, illustrated description of these components follows.
The Cubical Device System
Steel frame A photograph of the true triaxial cubical frame is shown in Figure 5a . The frame supports the top and four lateral wall assemblies, the cubical asphalt concrete specimen, and the bottom wall
assembly. An inner square cavity was machined into each of the six faces of the frame to accommodate the membranes and to form the pressure cavities. Connection bolts were provided on each face of the frame to fix the wall assemblies. The function of the frame is twofold: (1) It forms the top, bottom, and lateral sides of the six pressure chambers (wall assemblies) that apply the external multiaxial load to the cubical asphalt concrete specimen, and (2) [19, 20] .
Top, bottom, and lateral wall assemblies
Figures 5 b and c show a photograph of the wall assembly. The walls were machined from a 7075-T6 aluminum plate [19] , and are fastened to the frame by steel studs mounted in tapped holes on the exterior of the frame. Each wall assembly consists mainly of three components: (1) A cover plate, which provides the wall seal for the interior pressure cavity, (2 An automated data acquisition and process control system (DA/PCS) was assembled to control the pressures applied to the cubical asphalt concrete specimen, and to monitor and record its resulting deformations. Details of this system are presented by NeSmith [20] . A photograph of the complete testing setup is shown in Figure 7 .
Tests
To investigate the capability of the cubical cell device in evaluating the properties of asphalt concrete, a multistage loading procedure was adopted. Multistage loading runs different tests such as triaxial compression, triaxial extension and cyclic loading on the same specimen, eliminating the requirements on multiple specimens. This is especially useful when low-level stress is involved, causing little or no damage. If numerical simulation can be used to account for specimen change, the results can be better interpreted.
A cubic specimen of 4-inch lateral length was cut from a block sample for the tests. 
Triaxial Extension (TE):
Conventional Triaxial Compression (CTC)
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Cyclic Conventional Triaxial Extension (CCTE):
The CTE test ran for a number of cycles.
are load increments and 0 > ∆σ .
It should be noted that TC, TE and SS tests are run at p=const or on the π plane. The stress paths of these three tests in the principal stress space are illustrated in Figure 9 . There are three variations for TC and TE stress paths respectively, and six variations for SS stress paths. Table 2 listed all the stress paths that were followed in the test.
Calculation of Modulus from Experimental Data
Since both stresses and strains in the three orthogonal orientations are monitored during each loading process, the information presented can be used to calibrate constitutive models. By eliminating the creeping strain (achieved using incremental stress and strain relations), the magnitudes of 
, and using equation 1d).
From the two tests performed, it was found that roughly E v =200000 psi, E hh =60000 psi, the Poisson's ratios hh vh ν ν , are 0.30, and vh G =100000 psi. Figure 10 presents the IC test results; it can be seen that asphalt concrete compacted in the field follows a general anisotropy. The vertical modulus is usually 2~5 times' larger than the horizontal modulus. The test is performed at room temperature (20C). These relations are the basis for the FEM analysis. There are many other properties of asphalt concrete that can be characterized from the test. For example, Figure   11 presents the volumetric strain changes during the entire test while Figure 12 presents the strain responses during the cyclic CTE test. The local slopes of the loading-unloading cycles may present a resilient modulus measurement. Properties on compressibility, stress-path dependency of elastic moduli, creeping, accumulative plastic deformation, and dynamic modulus can be evaluated but are beyond the scope of this paper. This paper presents only the properties of anisotropic elasticity.
CONCLUSION
It is demonstrated in this paper that asphalt concrete under field compaction shows a general anisotropy that might be approximated as orthotropy. The anisotropy is quite significant. The stress fields of an isotropic and an anisotropic pavement could be significantly different pending on the degree of the anisotropy measured by the ratios between the horizontal and vertical elasticity modulus. This significant difference has important implications to pavement design and analysis. Pavement design based on the isotropic elasticity analysis may underestimate the shear stress and tensile stress that are related to permanent deformation and fatigue cracking assessments. Multiple stage testing using the cubical cell device presents an effective tool for characterizing the properties and calibrating the constitutive models of asphalt concrete. 
